Abstract Major focus in interpreting phytoplankton changes in specific typologies of waterbodies or in single lakes is directed towards nutrients and climatic dynamics. During the last 35 years, Lake Garda (Northern Italy; A = 368 km 2 , z max = 350 m, V = 49 km 3 ) underwent a significant increase of phosphorus in the water column, from ca. 10 lg P l -1 to 18-22 lg P l -1 . At the multi-decadal scale, the increase of the trophic status had a positive impact on the growth of Cyanobacteria (mainly Oscillatoriales) and, partly, diatoms, as demonstrated by the long-term ecological research carried out since the beginning of the 1990s in the deepest zone of the lake. Conversely, the increase of Peridiniales (mostly Ceratium hirundinella) in the recent years appeared also associated with the interannual variations of lake temperature. At the seasonal and annual scale, the development of the large diatoms and Oscillatoriales during the periods of their maximum growth (early spring, and summer and autumn, respectively) was strongly controlled by the extent of spring vertical water mixing and nutrient fertilization of surface waters, which, in turn, were negatively dependent on the air and water temperatures in winter and early spring. Therefore, contrary to the positive impact of milder winters on phytoplankton growth in many lakes of high latitudes, warmer winter temperatures in deep oligomictic lakes of lower latitudes can determine periodic shifts towards more oligotrophic conditions and a minor development of diatoms and specific harmful cyanobacterial groups (Oscillatoriales). The complex relationships between the explanatory and response variables were tested by applying Path Analysis (Structural Equation Modeling). This multiequational technique has great potential for studying causal relationships in temporally ordered variables. The results highlight the necessity to study the consequences of climatic fluctuations on the phytoplankton communities at different temporal scales and complexity, also including the indirect effects of climatic dynamics mediated by the morphometric, morphological and hydrological characteristics of lakes, and the possible synergic or opposite effects with other forcing variables, including nutrients.
Introduction
Major alterations in large lakes are associated with anthropogenic loadings and climatic change (Nõges et al., 2008) . Modifications due to alterations in nutrient availability in this type of water bodies were extensively studied, both in the eutrophication and oligotrophication phases (e.g., Ruggiu et al., 1998) . Many investigations emphasized the raising relative importance of cyanobacteria and, more in general, a changed structure of phytoplankton with increasing phosphorus concentrations and algal biomasses (Reynolds, 1997; Istvánovics, 2008) . In the last decades, there has been a growing interest in the effects of climate warming on planktonic species diversity and food webs in aquatic ecosystems (Winder & Schindler, 2004; Mooij et al., 2005) . Water temperature changes have a direct effect on specific rates of replication and seasonality of planktonic organisms, while indirect effects are connected with changes in the timing of ice breakup, thermal stratification and water turbulence, which in turn control the extent of the growing season (Keller, 2007) . These effects are strongly filtered by the physiographic characteristics of waterbodies. More specifically, the trophic status and water quality of deep lakes is dependent, besides algal nutrient loads, on the extent of vertical mixing and the fraction of nutrients recyclable from the deep hypolimnetic waters (Goldman et al., 1989) .
The general aim of this study is to evaluate the role of spring circulation and fertilisation in controlling the interannual variability observed in the development of the algal community in the largest Italian lake (Lake Garda). Since the 1970s, Lake Garda showed an increase of phosphorus concentrations in the whole water column and important modifications in the composition and structure of the phytoplankton community (Salmaso, 2010) . Nevertheless, in the absence of enhanced or full lake overturn, large part of nutrients would have accumulated in the hypolimnetic layers through the sedimentation of organic particles. In fact, owing to its great depth (350 m), full vertical mixing may occur only during harsh winters, so that Lake Garda is oligomictic. The specific hypothesis to test is that the long-term development of the phytoplankton community and the interannual fluctuations are controlled both by the long-term increase of TP in the whole water column and by a linked chain of factors ruled by winter climate (the extent of the spring mixing depth and recycling of nutrients). The understanding of how properties of systems behave in natural settings with multiple controlling factors requires adequate tools well-suited for evaluating network hypotheses (Grace, 2008) . In this study, explanatory relationships between the observed variables included in the models will be tested with Path Analysis (a special version of Structural Equation Modeling, SEM). SEM and Path Analysis are capable of representing, through multiple equations, a wide array of complex hypotheses about how system components interrelate (Grace, 2008) .
Materials and methods
Along with the lakes Maggiore, Como, Iseo and Lugano, Lake Garda belongs to the group of largest and deepest lakes south of the Alps. Lake Garda has a surface of 368 km 2 , a maximum depth of 350 m, and a volume of 49 km 3 . Samplings and field measurements were generally carried out every 4 weeks between 1991 and 2007 at the deepest zone of the lake (Brenzone). The timing and the extent of mixing were estimated by analysing the sequences of depth profiles of temperature, oxygen, pH and conductivity measured with underwater multiparameter probes (Salmaso, 2005) . Phytoplankton and chemical analyses in the layers 0-20 m are available since 1993 and 1995, respectively. Phytoplankton samples were fixed with acetic Lugol's solution and counting was performed with inverted microscopes. Biovolumes were calculated from recorded abundances and specific biovolumes approximated to simple geometric solids. Mean daily air temperatures were measured at the meteorological station of Arco, approximately 5 km away from the northern border of the lake. The lake features, the basic limnological characteristics and the methods used in the field and laboratory were reported in detail by Salmaso (2005 Salmaso ( , 2010 .
To allow comparison of the data from different years, the analyses were carried out on a starting matrix of monthly averages (12 observations per year) of both environmental and biological data. Model testing was carried out on the annual covariance matrices by applying Path Analysis and Maximum Likelihood (ML) estimation (Shipley, 2002) . In the models, manifest exogenous variables were declared to have fixed-constant variances (Fox et al., 2009) . Before statistical analyses, the data were log-transformed. The normal distribution of the single variables and multivariate normality assumption were verified with the Shapiro-Wilk normality test and the HenzeZirkler test, respectively (Mecklin & Mundfrom, 2003) . Owing to the low number of observations, statistical significance of the models was also tested using Monte Carlo simulations with 1,000 replications (Shipley, 2002) . In ML testing, a probability below a chosen significance level (P = 0.05) indicates a wrong model. The existence of significant trends in the annual series was checked with the Mann-Kendall test (M-K test). Statistical analyses were performed with R 2.9.1 (R Development Core Team, 2009) and Statistica 8.0 (Statsoft, Inc.). (Fig. 1a) . Winter climatic oscillations strictly controlled the thermal regime of the lake at the time of spring (S) maximum overturn. Minimum mean values of temperature in the water layer undergoing complete cooling (0-50 m; T 50S ) every year were always measured in February or March. T 50S showed a strong dependence on T airW (r 2 = 0.69, n = 17, P \ 0.01) (Fig. 1a) . The winter harshness had a strong impact on deep mixing dynamics, strongly controlling the mixing depth (Z mS ) between the end of the winter months and early spring. Z mS was significantly (P \ 0.01) and negatively controlled by T airW (r 2 = 0.58, n = 17) and T 0-50S (r 2 = 0.66, n = 17). Complete overturn episodes were observed in 1991, [1999] [2000] Annual mean concentrations of total phosphorus in the water column (TP lake ) showed an increase from 16 lg P l -1 in 1996 to 20 lg P l -1 in 2003-2004, followed by a slight decrease and stabilisation in the last two years of observations, around 18 lg P l and a positive dependence on Z mS (r 2 = 0.84) (n = 13, P \ 0.01). TP 20S did not show any temporal trend (M-K test, P [ 0.1). The important role performed by the replenishment of nutrients was highlighted by the negative, though marginally significant, temporal relationship between the spring epilimnetic and hypolimnetic concentrations of TP ( Fig. 1b ; r = -0.53, n = 12, P \ 0.1). A few of the above relationships have been resumed in Fig. 3 .
Results

Climatic fluctuations and trophic development
Spring epilimnetic concentrations of TP in the last three complete mixing episodes (2004) (2005) (2006) were between 19-24 lg P l -1 (Fig. 2a) . The smoothing highlighted the regular seasonal pattern of TP, which was characterised by an increase in the amplitude of the spring replenishment till the last complete mixing episodes.
Analogously to TP 20S , interannual variations in the annual mean concentrations of the dissolved inorganic nitrogen during the spring months showed a positive dependence on the extent of lake mixing, Z mS (r 2 = 0.48, n = 13, P \ 0.01). Minimum summer concentrations of inorganic nitrogen in the epilimnetic layers were between 50 and 100 lg N l -1 (Fig. 2b ).
Interannual variations of the phytoplankton community
Annual mean total algal biovolumes showed a significant increase (M-K test, P \ 0.05), which was marginally linked to the increase in the availability of phosphorus in the water column, TP lake (r 2 = 0.29, n = 12, P \ 0.1). Total algal biovolumes showed a regular seasonal pattern (Fig. 2c) due to the regular development of the dominant algal groups.
The most abundant algal orders with average biovolume values [50 mm 3 m -3 over the studied period are reported in the Fig. 2d -h. The Zygnemales were represented by Mougeotia sp. (Fig. 2d) . This chlorophyte-whose development was limited to the period from April/May to September-represented the dominant taxon from the beginning of the The Oscillatoriales were the most abundant cyanobacteria (Fig. 2e) . This group was almost exclusively represented by Planktothrix rubescens and, secondarily, Planktolyngbya limnetica and Limnotrichoideae. At the beginning of the research, the Oscillatoriales were only a minor component of the phytoplankton community. A greater contribution of this algal group, with a more identifiable seasonal pattern, was recognised during and after the complete mixing episodes documented in 1999 and 2000. Overall, the mean annual contribution of the Oscillatoriales showed a constant and significant increase since the beginning of the research (M-K test, P \ 0.01). During the last four years of observations and following the recent decrease of Mougeotia, the Oscillatoriales became the most abundant algal order. Superimposed over this increasing trend, the interannual variations of the Oscillatoriales in the period of their maximum seasonal development were strongly influenced by the extent of the spring replenishment of nutrients and, indirectly, by the effects of the winter climatic oscillations. More specifically, the mean biovolume values of this group between July and December (Osc JD ) were dependent on the spring replenishment of nutrients, TP 20S (r 2 = 0.57, n = 13, P \ 0.01); for the same years (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) , n = 13), Osc JD showed a negative relationship with T airW (r 2 = 0.32, P \ 0.05) and, partly, T 50S (r 2 = 0.29, P \ 0.10), and a positive relationship with Z mS (r 2 = 0.40, P \ 0.05) (Fig. 3) . Pennate diatoms were mainly composed by Fragilaria crotonensis and, secondarily, by Asterionella formosa, Tabellaria fenestrata and Diatoma tenuis. While Fragilaria was characterised by a typical bimodal pattern (spring and autumn), the subdominant pennate diatoms developed mainly from late autumn to early spring (Fig. 2f) . The most abundant centric diatoms were Aulacoseira granulata, A. islandica, Stephanodiscus sp. and Cyclotella spp. The largest species were abundant in early spring, while Cyclotella spp. reached occasional high biovolumes in summer (e.g., 1996; Fig. 2g) . Overall, the mean biovolume values of diatoms (pennate and centric species) from 1995 to 2007, in the period of their common spring development (early spring, March-April; Bac MA ) showed a strong (at least P \ 0.05) positive dependence on TP 20S (r 2 = 0.55) and Z mS (r 2 = 0.35), and a negative relationship with T 50S (r 2 = 0.44) and T airW (r 2 = 0.42) (Fig. 3) . The same significant results were obtained considering separately the two diatom orders (0.30 \ r 2 \ 0.35; p B 0.05), with the exclusion of a marginal relationship between T airW and centric diatoms (r 2 = 0.28, P \ 0.10).
Though less important if compared with TP 20S , both Osc JD and Bac MA showed a significant link with the long-term increase of TP in the water column (TP lakeS ; r 2 = 0.37 and r 2 = 0.35, P \ 0.05). By converse, the effects of the epilimnetic spring concentrations of DIN on these two algal groups were less important and only marginally apparent for the diatoms (Bac MA ; r 2 = 0.25, n = 13, P \ 0.10). Since 2003, species belonging to the Peridiniales (mostly Ceratium hirundinella) were characterised by a partial increase ( Fig. 2h ; M-K test, P \ 0.10), which seemed linked more to the interannual variations of temperature rather than nutrient availability. The highest peaks of this group were recorded in the two warmest years, i.e. 2003 and 2007, when annual average values of water temperature in the epilimnetic layers reached 14.3 and 14.8°C (vs. values of 13.2-13.9°C in the remaining years). However, in the whole period, Peridiniales showed only a marginal, positive relationship with epilimnetic water temperature (r 2 = 0.24, n = 15, P \ 0.10).
Path analysis
The hypothetical causal system-linking winter climatic fluctuations with interannual variations of specific algal groups-was translated into path diagrams, tested with ML. In the models, the variations of the two main groups affected by the spring fertilization (diatoms, Bac MA and Oscillatoriales, Osc JD ) were causally related with the spring epilimnetic concentrations of TP (TP 20S ), the overall availability of TP in the water column (estimated at the time of maximum overturn, TP lakeS ) and the variables controlling the extent of water mixing (here represented by the ancestor climatic variable, T airW ).
As for the diatoms, the results of ML indicate that the data are consistent with the model reported in Fig. 4a .
Given the small sample size, the probability estimates (ML chi-square = 1.20; P = 0.55) are not exact, but are far from being significant. However, the validity of the model was tested also with Monte Carlo simulations (P = 0.63). The same causal relationships with the winter climatic signal and the spring replenishment of TP were confirmed also considering separately the two diatom orders (figures not shown). Taking into account the different period affected by the spring fertilization, similar considerations apply also to the models regarding Osc JD ( Fig. 4b ; ML chisquare = 0.56, P = 0.75; Monte Carlo analysis, P = 0.80). Consistently with the path diagrams, the interannual fluctuations of the Bacillariophycaeae and Oscillatoriales were strongly dependent on the spring recycling of TP at spring overturn, which in turn was causally related to the winter climatic fluctuations and to the actual concentrations of TP in the water column (Fig. 4a, b) .
Discussion
In the period considered in this research, the lake experienced a slight but continuous increase of phosphorus in the whole water column, with annual mean concentrations reaching 20 lg P l -1 by the middle of 2000s. This increase was documented since the beginning of modern limnological observations (1970) (1971) (1972) , when concentrations of TP in the water column were around 5-10 lg P l -1 (de Bernardi et al., 1996; Salmaso et al., 2007) . The lower concentrations observed since 2006 could represent a stabilisation of the nutrient concentrations, but this needs to be confirmed with future investigations. At the same time, winter air temperatures and lake temperatures at spring overturn showed ample variations, with maximum differences of around 3 and 2°C, respectively. These fluctuations had important effects on the deep mixing processes at the time of spring overturn and on the degree of recycling of deep nutrients towards the surface. Therefore, the availability of phosphorus in the trophogenic layers strongly depended on both the overall P content in the water column and the extent of spring water mixing.
The increased availability in the concentrations of TP in the water column had a positive impact on the development of the Oscillatoriales and diatoms, at different temporal scales. In general, Cyanobacteria are among the first to respond positively to an increase of eutrophication. Patterns of change in the relative proportions of taxonomic groups in the extended set of lakes analysed by Jeppesen et al. (2005) showed a conspicuous increase of Cyanobacteria and, secondarily, diatoms with the increase of nutrients. On shorter temporal scales, in Lake Garda the interannual variations of the diatoms and Oscillatoriales (the dominant cyanobacteria) were strongly dependent on the spring availability of nutrients in the trophogenic layers. Nevertheless, the effects of TP 20S on these two algal orders were measurable in different periods of the year.
The spring diatom assemblages, which in Lake Garda were composed by large and heavy species, require adequate levels of water turbulence to avoid excessive sinking and losses in the water column (Sommer, 1988) . Therefore, the maximum net growth of these species is generally observed before the Fig. 3 ). The path coefficients and (between brackets) the standard errors are reported near the respective paths. Curved, double arrowed lines report the residuals of the response variables. The reported path coefficients are significant at P \ 0.01. Legend as in Fig. 3 maximum seasonal warming of the lake. Excluding a limiting role for silica, which in spring and early summer has concentrations of 0.3-0.9 mg Si l -1 , the increasing thermal stability and increasing sinking losses are critical factors in triggering the decrease and disappearance of the large centric species in the warmest months. Conversely, the effects of the spring replenishment of TP on the development of Oscillatoriales in Lake Garda were detectable only during the summer and autumn months. In summer, the dominant species of this group (Planktothrix) is able to concentrate and grow at depths close to the photosynthetic compensation point, in the metalimnion, entraining successively in the surface mixed layer at the beginning of the late autumn cooling (Salmaso, 2000; Walsby et al., 2001) . During the last years, the Oscillatoriales increased at the expense of Mougeotia sp., becoming, along with the diatoms, one of the dominant algal component of Lake Garda. The causes of the declining of the Zygnemales are not known. Before the increasing importance of the Oscillatoriales, this group appeared to respond positively to the deep mixing episodes (Salmaso, 2005) . It cannot be excluded that, in the case of a decreasing supply of nutrients and a decreasing importance of cyanobacteria, the trend could be reversed again.
Results obtained in this study clearly highlight the importance of winter climatic fluctuations in controlling the annual development of the phytoplankton community. In the models tested so far, winter temperature (T airW ) can be considered the ancestor variable controlling the fraction of phosphorus (TP 20S ) recyclable from the entire water column (TP lakeS ). The effect of TP lakeS in the control of interannual phytoplankton fluctuations was minor if compared with the actual availability of P in the trophogenic layers. The overall content of phosphorus can be considered a proxy of the 'potential' trophic state of the lake, as opposed to P recycled at spring overturn, which-depending on the reserves stored in the whole water column-represents the fraction of P actually accessible for phytoplankton growth. These models are valid under the assumption of negligible inputs of epilimnetic nutrients during the growing season, as in the case of Lake Garda (Salmaso, 2005) . Depending on the influence of rivers or other nutrient sources, a further path accounting for the epilimnetic enrichment of nutrients should be added to models specifically aimed at testing the influence of nutrient loads on the development of specific algal groups or taxa. On the other hand, owing to the low number of observations available in this study (ML statistic should require at least five times as many observations as there are degrees of freedom in the path diagrams; see Fig. 4 , df = 2), the proposed models necessarily had to be simple and confirmed with bootstrapping methods or, if the data have multinormal distribution (as in this dataset), with Montecarlo methods (Shipley, 2002) .
The research carried out in Lake Garda showed that major interannual fluctuations in the phytoplankton development resulted from a strong interaction between nutrient availability in the water column and climatic variations. Similar effects were also reported in other deep lakes south of the Alps. In the lakes Lugano and Iseo, Garibaldi et al. (2003) and Simona (2003) observed a significant correspondence between deeper mixing events, major input of nutrients from the hypolimnetic to the productive layers, and greater algal development. Nevertheless, in the deep oligotrophic lakes, where the differences in the concentrations of phosphorus between the surface and the hypolimnetic layers are less pronounced, the effects of a deep mixing on the fertilisation of trophogenic layers may be less important or negligible, as in the case of Lake Maggiore (Manca et al., 2000) . In turn, this could favour a more direct effect of temperature fluctuations on phytoplankton, but this aspect needs to be studied more in detail.
The positive impact of harsh winters on the development of diatoms and cyanobacteria of this deep oligomictic lake may be counterintuitive if compared with the results found in other lake types, such as the dimictic lakes of northern latitudes. In these lakes, the increase of winter and spring air temperature resulted in an earlier timing of lake ice break up leading to an earlier beginning of phytoplankton growth and enhanced development of specific algal groups (particularly diatoms and cyanobacteria) (Gerten & Adrian, 2000; Weyhenmeyer, 2001; Weyhenmeyer et al., 2008) . The positive impact of mild winters on the development of cyanobacteria was confirmed applying a meta-analysis over a large number of lakes in northern, western, and central Europe (Blenckner et al., 2007) . In contrast, in deep, oligomictic lakes located at lower latitudes, an increase of winter air temperatures can favour periodic shifts towards more oligotrophic conditions due to a lessening of spring deep mixing processes causing a less efficient transport and recycling of hypolimnetic nutrients towards the trophogenic layers. The above examples represent a few of the key mechanisms-mediated by the lake's physiography and climatic location-controlling the functioning of different lake ecosystems. More in general, morphometry and geographic location have been demonstrated to have a central role in the definition of the basic physical, chemical and trophic characteristics over a large scale of European lakes (Straile & Adrian, 2000; George et al., 2007; Nõges, 2009) .
Conclusion
As pointed out by Blenckner (2005) , both landscape characteristics (including lake morphometry) and abiotic/biotic interactions play a key role in the control of the effects of climate on lake ecosystems. The results of climatological and limnological analyses carried out during the last decade in different lake types demonstrated the existence of different relationships among lake system components in reply to climatic change and variation. Therefore, in order to obtain more generalizing results, the effects of climate change at different temporal scales on lake ecosystems should also be considered for different lake types, taking into account the implications determined by morphometry and climatic location, which in turn control the vertical mixing dynamics and lake stratification. Furthermore, the impact of temperature changes on biotic communities should be studied taking into account the possible synergic or opposite effects with other forcing variables, first of all nutrients. In this context, structural equation modelling represents an extremely useful tool to model and test explanatory relationships among observed climatological and limnological variables, allowing to evaluate and compare diverse hypotheses about how system components interrelate in different lake ecosystems.
